ABSTRACT
The mechanism of action of glyphosate, a nonselective herbicide, has been studied in several research laboratories. Results from some of these studies have indicated that glyphosate affects the aromatic amino acid biosynthetic pathway (10, 13, 17, 21, 24) while others have reported findings inconsistent with this hypothesis (4, 8) . Studies conducted with intact plants (27) , bean root mitochondria (9) and pea (Pisum sativum L.) chloroplasts (20) indicate that respiration and photosynthesis are not the primary sites of glyphosate activity. Abu-Irmaileh et al. (1) have reported that production of C2H4 increased within 12 h and CO2 within 24 h when bean plants were treated with glyphosate. They postulated the rise in C2H4 production may be responsible for glyphosate
phytotoxicity.
An induction of phenylalanine ammonia-lyase (PAL) activity in maize (Zea mays L.) and soybeans (Glycine max [L.] Merr.) has been observed as a result of glyphosate treatment (4, 5) . The authors concluded that the observed PAL induction may cause the growth effects observed after glyphosate application.
Campbell et aL (3) reported that glyphosate caused partial to complete disruption of the chloroplast envelope in quackgrass (Agropyron repens [L.] Beauv.) with eventual disintegration of the chloroplasts within 24 h of herbicide application. They indicated that this may be the result of glyphosate enhancement of the senescence process by altering membrane permeability and subsequently causing changes in osmotic potentials. Nilsson (17) has also suggested that glyphosate enhances senescence.
The studies reported here were conducted to characterize further the effects of glyphosate on specific metabolic systems in relation to observed glyphosate toxicity symptoms. ' Research taken from the PhD thesis of B. J. B., 1976 Cell Isolation. In experiments where isolated cells were utilized, the procedure of Jensen et al. (14) as modified by Ashton et al. (2) was followed. Microscopic examination of the isolated cells was made to insure that they were intact. The number of cells in suspension at several different 540 nm A readings was determined with a Coulter counter. These values were then used to construct a standard curve of A at 540 nm versus cell concentration from which the number of cells used for each test could be approximated.
Absorption of Glyphosate. Absorption of radioactive glyphosate into intact bean leaves was followed over 4 h. Ten were excised and thoroughly washed with distilled H20 before being placed in a beaker with 75 ml of fresh distilled H20. After the beakers had been on an oscillating shaker for 12 h, the conductivity of the distilled H20 bathing solution was measured using a conductivity bridge.
The leakage of mRb from glyphosate-treated tissue was measured utilizing excised bean leaves exposed for 12 h to 15 ml of a solution containing 0.5 mM CaSO4, 50 mm Mes buffer (pH 5.8) and 5 ,tCi of mRb. After "6Rb exposure, the leaves were thoroughly washed with 0.1 mm RbCl and were placed in 50-ml beakers with 20 ml of 0.5 mM CaSO4, 50 mm Mes (pH 5.8) and 10 mm glyphosate for 6 h. Fifteen-mm diameter discs were cut from the leaves and were floated on 5 ml of distilled H20. Four hours later, the radioactivity of a l-ml aliquot of the bathing solution was determined. The labeled leaf discs were then solubilized with 0.5 ml hyamine hydroxide and bleached for 24 (Table I) .
Bean Growth and Physiological Changes in Responses to Glyphosate. A reduction in the rate of dry matter accumulation began within 30 h after treatment and became more pronounced with time (Fig. 1) . In addition, bean leaf expansion was significantly inhibited within 25 h (data not shown). These overall growth reductions in response to glyphosate treatment were assumed to be the result of earlier effects on one or more specific physiological processes.
Glyphosate caused a rapid change in both bean leaf angle with the stem and in stomatal resistance. The leaf angle of treated plants (320 from vertical) was significantly different from that of control plants (420 from vertical) within 2 h of glyphosate treatment even though the leaves were under no visible water stress. Stomatal resistance increased significantly (I 17% greater than the control) within I h of application indicating that glyphosate quickly caused stomatal closure. These rapid effects on leaf angle and stomatal opening could be the result of an interference with (a) one or more processes including the K+ ion pump which controls leaf angle and stomatal opening by directly affecting water potential and thereby turgor pressure of pulvinus cells and guard cells; (b) energy production needed for the operation of the K+ pump: (c) membrane integrity, the loss of which could result in electrolyte leakage and hence reduced turgor pressure; or (d) water status of the plant resulting in an increase in ABA which can either prevent K+ uptake or result in increased K+ efflux and subsequent loss in normal cellular function (19) .
The effect of glyphosate on stomatal opening and leaf angle, when considered with the observation that bean leaves wilt as one of the later symptoms of glyphosate toxicity, suggests that the initial effect of glyphosate is on plant water status. However, water potential measurements on treated bean plants showed that treated plants were under less water stress than controls (-4.2 bars for the control as against -2.5 bars for the treated plants). These results agree with those reported by Schaner (23), who observed similar effects of glyphosate on bean leaf water potential. He also found that the transpiration rate of glyphosate treated plants decreased, but not until 5-6 h after treatment or 4-5 h after a significant increase in stomatal resistance was observed. This apparent discrepancy may be due to differences in methodology. Perhaps the technique used to determine transpiration (dividing the change in weight of a cup containing an individual plant by total leaf area (Fig. 1) 14CO2 incorporation seem to be due to an initial reduction in precursor metabolism followed by decreased uptake. These results indicate that glyphosate causes a general slowdown of several metabolic processes rather than having a dramatic effect on specific synthetic reactions.
Glyphosate did not adversely affect respiration (as measured by 02 consumption) required for the production of energy used for both solute absorption and incorporation (data not shown). These results agree with the report of Hanson et al. (9) (12) . It is generally accepted that determining 02 consumption with the 02 electrode is a better method of respiration measurement.
Effect of Glyphosate on Ion Absorption. Since the results of the studies on ["4Cluracil uptake and incorporation by bean cells indicated that glyphosate had a rapid effect on absorption, studies were initiated to examine the effects of glyphosate on ion absorption by cells from both pretreated and untreated leaves (Tables III  and IV) . Cells isolated from leaves pretreated with I mm glyphosate absorbed less radioactive Rb and uracil than cells from untreated tissue (Table III) . The total time of exposure to glyphosate was only 3 h (1.5 h in intact leaf, I h during cell isolation and 0.5 h incubation in suspension media) indicating a very rapid effect. Shorter treatment times with intact leaves proved difficult; therefore, single cells from untreated leaves were exposed to glyphosate after isolation to determine how rapidly absorption was inhibited. Cells taken from leaves of untreated plants and exposed to I mM glyphosate for 1.5 h absorbed significantly less 'Rb and 32P (Table IV) .
[14C]Uracil absorption was not significantly affected during this short period of exposure. These results coupled with those involving isolated cell precursor uptake and metabolism indicate that one mechanism of action of glyphosate in bean leaves involves a cellular inhibition of ion absorption which occurs before an effect on metabolic precursors is observed. Several biosynthetic reactions were generally affected after 7 h of treatment (Table II) ; however, only the inhibition of ion absorption could be shown as a rapidly occurring event.
If the theory that stomatal opening is controlled by a K+ ion pump (11) is accepted, then inhibition of ion absorption would explain stomatal closure observed in response to glyphosate treatment. Inhibition of an ion pump could also account for a decrease in pulvinus cell turgor pressure resulting in changes in leaf angle of glyphosate treated leaves.
Effect of Glyphosate on Plant Cell Integrity. To determine whether reduction in ion absorption caused by glyphosate was the result of the loss of membrane integrity, its effects on electrolyte leakage were compared with paraquat and DNP. Paraquat and DNP caused a significant increase in the loss of electrolytes from bean leaves (212 and 90% increases, respectively, compared to the control) while glyphosate had little effect (7% increase). Similar results were observed by Prendeville et al. (18) when electrolyte leakage from bean leaves was measured 13 h after treatment with I mM glyphosate. In addition, floating leaves on 10 mm glyphosate did not cause any efflux of radiolabeled material from leaf tissue prelabeled with s6Rb for 12 h (less than 0.2% of that present in the leaf discs). These results indicate that the initial effect of glyphosate on bean plants does not involve loss of membrane integrity and that the reduction in ion uptake caused by glyphosate is apparently due to other effects on the ion absorption processes such as reducing the ATP supply required for active transport or directly affecting some ion uptake mechanism.
Effect of Glyphosate on ATP Formation. ATP contents of glyphosate-treated plants range from 7 to 15% greater than controls during the first 3 h after treatment (data not shown), the same time period when a significant reduction of ['4C]uracil, e6Rb
and :P absorption occurred. These results verify that glyphosate has a more direct effect on solute absorption than through an effect on energy production. Chelation Studies. TLC studies revealed that both seRb and 32p, in the presence of high levels of glyphosate, had RF values similar to those obtained when the ions were applied individually to TLC plates (RF = 0.65 and 0.57, respectively, alone; RF = 0.72 and 0.62, respectively, when mixed with glyphosate). These results suggest that the effects of glyphosate on ion absorption are not due to chemical chelation.
The results reported here indicate that glyphosate causes rapid physiological changes in bean plants probably as a result of a decrease in cellular ion uptake. It is postulated that glyphosate directly affects ion absorption by bean leaf cells, perhaps by inhibiting an ATPase associated with the plasma membrane which mediates ion absorption. Such an ATPase has been shown to be involved in the K+ absorption in animal cells (25) and has also been implicated in higher plant ion transport (15) .
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